In the study of receptor optics, the current era originates with the discovery of retinal directional sensitivity by Stiles and Crawford in 1933. In recent years the essential complexities of receptor-optical properties have been revealed.
INTRODUCTION
IN the literature there have been various speculations regarding the optical properties of the retinal receptors. Briickel noted the higher index of refraction of retinal receptors; many determinations of receptor dimensions have been presented; in some species the possible roles of (pigment epithelial) pigment migration and of colored oil droplets (present in retinal receptors) have been considered; Ives 2 and Forbes 3 have presented theories of color vision based upon optical mechanisms.
Without in any way depreciating earlier efforts, it may be said that the current era in receptor optics has its origin in a classical paper by Stiles and Crawford 4 in 1933. These authors first reported the directional sensitivity of the central retina. This represented the first phenomenon which could be attributed to the optical properties of human retinal receptors. The directional sensitivity of the retina has since become known as the Stiles-Crawford effect of the first kind. Our knowledge has grown rapidly since then, and we have learned that these optical properties are truly complex, and may play a rather important role in visual mechanisms.
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STILES-CRAWFORD EFFECTS
If one is dealing with an aberration-free optical system, all rays of light emitted from source A (Fig. 1) , passing through a lens L (or the eye) are imaged at point A. These rays of light are incident at various angles of incidence at the image plane (or retina). A small aperture B may be used to limit the bundle of rays reaching the image. The angle of incidence is determined by the displacement d of the aperture or its projection from the optic axis of lens L. The cone angle k of the incident energy is dependent upon the size of the aperture. By directional sensitivity one means that the detector or the retina does not respond equally to a stimulus incident at different angles of incidence 0. One may estimate on the basis of the Gullstrand schematic eye that a displacement of 1 mm in the entrance pupil of the human eye results in a change in angle of incidence at the retina of 2.50.
Directional Sensitivity
Directional sensitivity may be studied by any number of psychophysical techniques. In order to obtain accurate determinations, certain problems arise. One does not deal with an aberration-free or refractively perfect system; measurements are taken during extended sessions (requiring essential subject immobility); subjects must be trained, and must be perfectly centered and aligned relative to the optical system; and it is necessary to provide uniform beams in the plane where one tracks the moving aperature.
Directional sensitivity has been shown to have origin largely in the retina, and more specifically, in the retinal receptors. Many methods have been employed in these determinations. studies of directional sensitivity. nated4 6 ; it has been noted that peiipheral-retinaldirectional sensitivity is different at photopic levels of luminance from that recorded at scotopic levels of luminance 7 ' 8 ; Goldmann has performed a rather ingenious experiment 9 ; the Stiles-Crawford effect has been recorded by electrophysiological techniques on isolated retina' 0 ; the phenomenon has been simulated by models of receptors" " 2 ; changes in directional sensitivity have been noted in patients manifesting retinal detachment ' " 4 ; the Stiles-Crawford effect (or some phases of it) has been directly observed in retinal receptors.","
One important misconception has arisen in the literature, which this writer feels should be corrected. If one tests outside of the foveal region at scotopic-luminance no directional sensitivity. This author feels the latter statement is not valid. Flamant and Stiles 8 have shown the rods to have directional sensitivity in a human retina where the receptors were somewhat disturbed in orientation. Weale 6 has recently presented an analysis which strongly suggests the presence of at least some rod directional sensitivity. Some years ago, this author, in unpublished work, constructed a rod model similar to that of Jean and O'Brien" which showed considerable directionality. When observing the terminations of rod receptors in flat retinal preparations (Fig. 8) in a method to be described below, their directionality is quite evident.' 6 Cylindrically shaped fiber optic bundles, or single fibers, show marked directionality. tion, the fact that the photosensitive pigment in the receptor outer segments is orientated 2 " 29 strongly suggests some directionality due to this factor. Thus, it is probable that the rods are directionally sensitive, but that this directionality does not manifest itself in a significant manner within the limits of the eye pupil (in the normal eye). If one considers the role of the rods, this would be a highly desirable receptor characteristic, i.e., stray light would be less effective, and, in the dark-adapted state, maximal utilization of energy passing through the pupil would be achieved. The directionality of rods is clearly a subject which should be pursued further. The waveguide aspects should be readily definable in the coming years. Patients with disturbed retinas should be studied. Extended discussion of this point appears in the Appendix of this paper. 
NASAL d (mm) TEMPORAL
A typical foveal directional sensitivity pattern is shown in Fig. 2 . Superimposed upon it are several descriptive curves. The sensitivity maximum is not precisely centered in the dilated entrance pupil of the eye. It will be remembered that the center of the entrance pupil changes to some degree with pupil dilation. When testing, it is essential to maintain pupil size at a constant level in order to avoid problems discussed by Ronchi.A 0 Significant departures of this maximum from the center of the pupil are associated with disturbances in retinal function. These will be discussed below.
These data may be fitted with several different empirical functions.
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The function presented by Stiles 3 " has had greatest acceptance and will be used in this discussion, although it does not represent the best possible fit of these type data.
30 L. Ronchi, Atti Fond. Giorgio Ronchi Contrib. Ist. Naz. Offica 10, 285 (1955 There is another important parameter needed in order to describe retinal directional sensitivity. ?Jmax reflects both the sensitivity of the cell and the characteristics of the optical system giving rise to receptor directionality. Tansley" 5 has shown that energy in the larger-diameter cone inner segments is funneled into the smaller-diameter photosensitive pigment bearing outer segments. Her experiment represented a test of a theory first proposed by O'Brien. 37 Such funneling results in an increase of sensitivity of the system in the direction of maximum sensitivity. Enoch" 8 has shown that bleached monkey and human cones (including central foveal cones) are more highly transmissive than bleached rods. Enoch 3 " has presented a predictive function based upon experiments using a model similar to the one proposed by Jean and O'Brien." Brindley and Rushton 9 have obtained limited psychophysical data using a unique experimental technique. They compared rod-cone thresholds obtained by normal passage of light through the eye, and by diascleral illumination. The analysis of the applicable data in the latter study depends, in part, upon whether the rods are directionally sensitive (see above, and Appendix). In general, one may predict that the greater the factor p, the greater is the essential sensitivity enhancing factor in the direction dmn. 36 p is apparently reduced to some degree by retinal packing, but the sensitivity enhancing factor seems unaffected.
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One may determine the luminous efficiency of energy entering each increment of the entrance pupil of the eye. Stiles and Crawford 4 first sought to determine whether all of the increments summate. There has been considerable confusion in the literature concerning this point. Enoch 3 has reviewed this literature, and has shown that there is essential summation if other factors, such as the blur of the retinal image, are minimized or eliminated.
Vos has recently presented a review of the first 25 years of progress on the Stiles-Crawford effect.
39 Aguilar and Plaza 40 have presented an evaluation of cone receptor orientation in different portions of the peripheral retina. Much more work of this type is needed, as will be seen below.
Directional sensitivity has been localized in the retinal receptors. This implies that the receptors or some element, or elements in the receptors are directionally sensitive, and further, that those factors are in some manner oriented and capable of maintaining orientation. Starting with this statement, it is possible to consider disturbances in orientation without recourse to any specific theory attempting to describe these phenomena. Flamant and Stiles 8 first recorded directional-sensitivity patterns suggesting nonnormal orien-37 B. O'Brien, J. Opt. Soc. Am. 36, 506 (1946 45 ' 46 have approached the problem from a somewhat different point of view. Instead of considering the effect of disturbed orientation upon response and resolution at essentially normal incidence, they have dealt with normally oriented retinas and measured visual resolution for various angles of incidence. They have described a directional-acuity effect, and have shown the decrement in acuity to be largely meridional. They have found that it is only partly due to ocular aberrations, and indicate a retinal component. Enoch has shown that this retinal effect is probably not due to optical interaction factors, 38 and has predicted that losses associated with simple tilt are meridional in nature. Optom. 34, 298 (1957) . coagulation-literally retinal burning. The formation of scar tissue following this procedure produces marked traction upon the retina. It has been shown that this force may induce marked changes in receptor orientation.'
3 Figure 3 represents data obtained upon one such patient 3 who had a detachment in the periphery of his retina, and was treated with light coagulation. Central directional sensitivity functions before and after treatment are presented. Clear evidence of change in orientation is provided. These data are just noticeable difference (j.n.d.) threshold data, and hence the curves are inverted when compared with the format described in Fig. 2 . These data not only indicate a possible hazard associated with this procedure, but also suggest a method which may be employed in order to modify orientation factors (if this is deemed advisable). Much work remains to be done before the latter possibility is seriously considered. These data also suggest a method for studying the dynamic factors associated with directional sensitivity and orientation. Other forms of disturbance in retinal-receptor orientation have been recorded following light coagulation.'
3 The effects of other, milder forms of provocation should be considered. A perimetric method has recently been devised to study shifts in the plane of the retina as an adjunct to this research. 14 This aspect of the over-all problem has broad implications. One may argue as follows:
(1) There are individual differences in the shift of orientation in time. (3) There are individual differences in the ease with which the inner portion of the retina may be dissected from the pigment epithelial layer in many species, including man.
One may assume that there are individuals who exhibit more marked changes in orientation either in time, or in response to mild provocation. It may be asked whether these indivuduals are in populations which are predisposed toward retinal detachment. This would be the case if those factors which stabilize orientation also act to prevent some forms of retinal detachment. Thus, ultimately it may be possible to recognize and prevent many cases of this very serious form of The tapered cone ellipsoid acts as a funnel, but leaks if the angle of incidence 0 at the mouth of the receptor is large. Light enters the inner segment, and passes through to the photosensitive-pigmentbearing outer segment. Consider the possibility of a sudden transition from the larger diameter inner segment to the smaller diameter outer segment B. Back reflections would occur, energy would be refracted out, and far less energy would be directed into the outer segment. The taper acts to make the transfer of energy more efficient. This is, in part, what Toraldo means when he speaks of the ellipsoid as an impedance-matching device.
pathology by pin-pointing individuals who are predisposed toward retinal detachment prior to the event. One need not be limited to the fovea in this research. This is a program of research of continuing interest at our laboratory.
Several authors have suggested theories attempting to describe the directional sensitivity of the retina. There has been no new theory since the series of papers by O'Brien 3 7 50 ' 5 ' and Toraldo di Francia 2 -5 4 a few years ago. O'Brien formulated a theory 3 7 in which he suggested that the ellipsoids of the cone receptors act to funnel the incident energy into the outer segment from the receptor inner segment (Fig. 4A) . A reflection in the ellipsoid deviates a ray normally incident at the cell by the taper angle of the ellipsoid. If a ray strikes the tapered ellipsoid at an angle less than the critical angle, a substantial portion of the energy in the wavefront represented by this ray would then be refracted out of the cell. (The same argument as that presented in the Appendix applies.) For rays incident normally or near normally at the mouth of the cell (assuming the critical angle in the funnel is exceeded) the energy would be directed into the receptor outer segment which is the photosensitive pigment-bearing zone. Thus, the outer segments of the cone receptors would be expected to have higher energy density than rods for rays incident normally or near normally, because, in essence, they (at least partially) integrate over the area subtended by the cone inner segments. In the above discussion this has been defined as the sensitivityenhancing factor. as related to these properties, and that the ellipsoid acted as an impedance-matching device between the inner and outer segments. The individual directionalsensitivity patterns of rods versus cones represent their radiation patterns. O'Brien (with Jean)" built a model cone ellipsoid magnified into the microwave spectrum (X= 3.2 cm) and studied its directionality. The data he obtained were similar to the cone function except that p was greater.
These two positions are actually not as different as might be suggested in the above paragraphs. O'Brien conceded that Toraldo's position was probably correct, however, O'Brien's approach offered at least first-order evaluation of directionality on a numeric basis.
Today we have more facts with which to work. We now have determinations of indexes for different parts of the receptors. 5 , 56 In addition to the receptors themselves, we know from electron microscopy that the outer segment is composed of a stack of carefully ordered and oriented lamellae. 57 The mitochondria in the ellipsoids are oriented.
5 8 On the basis of studies by Denton 2 7 we have further evidence regarding the orientation of the pigment molecules in the lamellae of the outer segments. We know that in man and monkeys the receptors are separated to the level of the external limiting membrane by a substance which has staining properties like an acid mucopolysaccharide.' 5 This viscous substance has a lower index of refraction than receptor components and may (this substance has been noted in our laboratory by using the methods of Zimmerman) or may not 60 be present in cases of retinal detachment. Fibrils from the pigment epithelium also separate the receptors. Central foveal cones appear to be directionally sensitive. 6 It is important to realize that even central foveal cones are slightly tapered. The lengths of the cone outer segments were not included because several were broken off about 5-10 ti from the attachment to the ellipsoid. These data were obtained in two directions from the central fovea. There were no apparent consistent differences between these two sets of measurements and, hence, these data were pooled. Osterberg's' 1 technique was duplicated, and his humnan radial shrinkage factor applied. When applying such factors it should be remembered that one assumes that all elements shrink uniformly. This assumption is probably not valid. The magnitude of the correction may not be valid after transfer between species. Measurements were made from mosaics of photomicrographs which were reproduced on transparent high-contrast film. Border effects arising from this technique may somewhat bias these data. Taper angle of the ellipsoid was derived from the appropriate data.
$5 R. Sidman, J. Biophys. Biochem. Cytol. 3, 15 (1957 5 . These curves are fitted by eye to measurements of individual receptors in the central fovea of a squirrel monkey. These data exhibit some variability but do not depart in a significant manner from the above curves. Data are omitted to avoid confusion. The log scale is employed in order to allow all factors to be fitted on one graph. The ordinal values for the dashed curve are to the right.
Significant points to note (as a function of distance from the center of the fovea) are the stability of the diameters of the cone outer segments; the increase in ellipsoid taper angle and inner-segment diameter; the decrease in taper length; and the stability and magnitude of the separation of the receptors at the external limiting membrane. To the extent that error is present in these data, one may assume that it is consistent across the portion of the retina tested.
This author has shown that the response function of the O'Brien model varies under many conditions.' 63 Of great importance is the fact that we no longer need artificial models to study these phenomena.
In short, it is apparent that in their broad outlines the ideas of O'Brien and more specifically those of Toraldo (that is, the waveguide concept) are probably correct. However, these theoretical statements are far from complete. type) is in essence the sum of many individual functions which may interact to some degree. Those aspects of directionality attributable to waveguide effects should be definable in the not too distant future.
Hue and Saturation Effects
If one compares the appearance of two identical stimuli, differing only in angle of incidence at the retina, one may observe not only a difference in perceived brightness, but also a difference in perceived hue and saturation. The differences in perceived brightness are known as the Stiles-Crawford effect of the first kind, while the differences in perceived hue and saturation are known as the Stiles-Crawford effect of the second kind.
6 4 ' 65 Stiles first reported measurements of the hue changes in 1937.3l These changes occur both in monochromatic light and in mixtures of different wavelengths. Considering the fact that this may represent a form of manipulation of the fundamental color-vision mechanism, it is remarkable that so few studies have dealt with this phase of the problem. If a small aperture is moved from the center of the pupil to the edge, the effects observed in the normal eye may be summarized as follows:
(1) For small angles 0, all hues seem to shift to a hue associated with a longer wavelength, and to desaturate slightly. (2) For larger angles 0, this trend continues except in the part of the spectrum centered near X=526 mu. In this region of the spectrum the shift in perceived hue is in the direction of the shorter wavelengths, and the stimulus appears supersaturated. The violet portion of the spectrum needs to be further explored in regard to this question.
Related studies have been reported by Stiles,4 Brindley, 6 6 Walraven and Bouman 6 7 and Enoch and Stiles.
3 5 The latter study, which was recently published, includes a summary of the state of our knowledge regarding this problem, and includes the first complete set of tricolor matching data describing these effects. Brindley 6 6 has shown that the directional sensitivity of at least one of the postulated three classes of end organ must be wavelength dependent. He achieved this by demonstrating a breakdown in color matches between stimuli of different spectral composition, when the common angle of incidence of the two stimuli was changed from normal to oblique. has recently noted an interesting relationship between modal-pattern changes and hue shifts for small angles 0. He has also observed that transmissivity as a function of wavelength in central human retinal cone receptors varies as a function of obliquity of incidence 0.16 Other applicable studies are those of Enoch, 3 6 and Brindley and Rushton."S It is also possible that the absorption spectrum of oriented pigment may change with angle of incidence.
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If the eye is exposed for brief exposures to a uniform 20 field of a monochromatic stimulus, (through a smallentrance pupil) one notes areas of differing hue within the field. These subareas are large when compared with the dimensions of a receptor. They are stable on repeated stimulation, but if the angle of incidence 0 at the retina is varied, the perceived hue of the subareas, as well as the total integrated hue changes, and in some instances their locations and dimensions in the field do not remain constant. They obviously represent first integrations which are further smoothed out in time. Some modal patterns which are commonly observed in the outer segments of rat, monkey, and human eyes are seen in Fig. 6 along with more idealized versions. Such patterns are seen in all well-oriented receptors in these species. Those which are typically seen at or near the terminations of the outer segments of rods and cones are seen in Fig. 7 These modal patterns are readily observed. Figure 8 represents a schematic diagram incorporating all necessary elements, and showing the means of introducing the significant variables. The standard microscope condenser is removed, and the system shown substituted. Air objectives are used with as long working distances as possible. Any pressure upon the "00" cover glasses disturbs the orientation of the receptors. The chamber 5 which is filled with normal saline is only slightly deeper than the retinal preparation. If it is too deep, the tissue floats; if too shallow, orientation is invariably disturbed. The details which one seeks to observe are at, or near the resolution limit of the light microscope. This presents many problems. The cone angle should be limited to angles normally subtended by the eye pupil.
If one compares Fig. 8 with Fig. 1 , it is clear that the device is a form of schematic eye. The experimenter observes the energy emerging from the terminations, or near terminations of retinal receptors. The controlled light source is focused upon the piece of dissected retina. gation of guided waves that is characterized by a particular field pattern in a plane transverse to the direction of propagation, which field pattern is independent of position along the axis of the waveguide." Those characteristics which influence the modal pattern transmitted in the retinal receptor are the configuration of the receptor, the diameter of the receptor, the index of refraction of the receptor and the surrounding media, the wavelength of the incident energy, and the angle of incidence of that energy. Polarization of the incident light has little effect upon the distribution observed at the receptor termination (unless an analyzer is placed between the retinal preparation and the observer). If one changes any of the characteristics listed above, the modal pattern may change.
It is possible to predict which modal patterns may be propagated, but not which one is actually propagated (except when only the HE,, modal pattern may be propagated). Each modal pattern has a cutoff parameter or value. A given modal pattern may be propagated if the test conditions are such that the cutoff parameter of that modal pattern is exceeded. Cutoff parameters for the modal patterns presented are included in Fig. 771.72 The cutoff parameter for a cylindrical waveguide may be computed from the following expression 63 71 -
Cutoff= (2irr/X) (n22-n 4 2)1, where r represents the radius of the receptor, X indicates the test wavelength (in vacuum) expressed in the same unit as r, and n 2 and n4 are, respectively, the index of refraction of the given portion of the receptor or fiber, and the index of refraction of the surrounding media or interstitial matrix. (The subscripts 2 and 4 conform with Fig. 10 .) The cutoff parameter is dependent upon two factors, the cross-sectional circumference of the cell (or diameter) expressed in wavelength units, and (see Appendix) the numerical aperture of the receptor. given modal pattern is approached, more of the energy propagated is propagated externally to the receptor.
At cutoff there is a sharp transition from one modal pattern to another. Modal pattern changes associated with an increase either of wavelength or of angle of obliquity of the incident light are often identical. Modal pattern, total transmissivity, and transmissivity as a function of wavelength change as the angle of incidence a is varied. 6 The modal pattern seen at the termination of the outer segment of a tapered cone receptor is compatible with the physical characteristics of that portion of the receptor, and energy leaks out of, or is lost along the entire length of all receptors. Differences between rods and cones in all properties described above are quantitative and not qualitative.
Waveguide Characteristics and Color Vision
In order to describe, or encode, the wavelength composition of the incident stimulus in terms of a given number of variables, it is necessary to separate the stimulus into components. This breakdown may, or may not, take place in a single receptor. It has been assumed for a long time that this separation in the human is mediated by n different photosensitive pigments. In certain species, e.g., birds, and turtles, it is known that this function may be performed by colored oil droplets located in the receptor in front of the photosensitive pigment-bearing outer segments.
In this phase of the discussion, it is the intent of the author to consider the possibility of the separation being mediated by the waveguide characteristics of the retinal receptors. As such, it is not a qnestion of the existence of wavelength separation due to the waveguide properties of the retinal receptors, but, rather, it is a question of the utilization of information already there.
There are at least five wavelength-separation mechanisms embodied in the brief description of the waveguide characteristics of retinal receptors presented above.
Modal Pattern Variation with Wavelength
As the wavelength of the stimulus varies, the cutoff parameter of a receptor changes. The modal pattern propagated may change one or more times within the visible portion of the spectrum. A modal pattern is characterized by a nonuniform distribution of energy. If a change in that distribution is to provide the basis for a color-vision mechanism, then the receptor must be able to distinguish between the patterns presented. In order to make these distinctions, either one or more photosensitive pigments must be nonuniformly distributed, or the ability to excite, or trigger the response of the cell must depend upon the location of the bleached chromophore. The degree of sophistication (or intelligence, or complexity) of the detector required to perform this task would depend upon what part of the total wavelength-discrimination task takes place 
Interactions between Modal Patterns
If more than one modal pattern may be propagated, and more than one modal pattern is propagated in a given receptor, and the energy comprising these patterns is from the same coherent source and is of the same wavelength, these patterns may interact. Since different modal patterns proceed with a different velocity down the receptor, a standing wave pattern may be established along the length of the outer segment. The separation between the major concentrations of energy for a given wavelength X may be several microns.
The location of these concentrations probably varies with wavelength. Interactive forms are observed in some retinal receptors.
In order to utilize such information, the same restraints are placed upon the detector as in Case 1 (immediately above), except that the (distribution of) discriminating elements need not be as closely packed in the detector. This approach has been considered in publications by Schroeder, 7 6 and Snitzer and Polanyi. 
Differences in Transmissivity as a f (X)
Observation of the terminations of retinal receptors when the retina is illuminated by white light reveals that different receptors transmit different distributions of energy as a function of wavelength. 6 The utilization of this form of wavelength separation requires no special detector in the receptor. That is, the receptor may use this information passively. Until a finer intracellular discriminating mechanism is defined, this form of wavelength separation by receptors must remain the most probable (among those associated with the waveguide form of transmission). Snitzer and Polanyi 77 refer to this characteristic by the term "flash point."
Differential Leak as a f () at Different Levels in the Receptor Outer Segment
If white light is incident at the retina, and red light is observed to emerge from the receptor termination, one may ask what has happened to the remaining energy? Some energy does not propagate, and some leaks out of the receptor at different levels. In our preparations the retinas are essentially bleached. Thus, red light plus other light may enter the vitreal end of the outer segment of the hypothetical receptor described above. The other light leaks out at varying levels.
In order for this to be a discriminatory mechanism the same conditions pertain as in Case 1. In this instance these mechanisms would have to be less discrete than shown the vitreal third of the cone outer segment (in the monkey) to be slightly different morphologically.
Ratio of Energy Transmitted within the Cell to Total Energy Propagated
As cutoff is approached, less of the total energy which is propagated is transmitted within the boundary of the cell. Myers 7 9 has recently formulated a colorvision theory based upon this characteristic, and Kapany and Burke 80 have considered the role of energy transferred in the interstitial spaces.
The utilization of this mechanism would be passive. Small variations in physical characteristics would cause meaningful changes, 79 and possible anomalies. Since more than one modal pattern may exist, and mode changes occur, it would seem that this mechanism might serve to modify the response.
Regardless of the nature of the mechanism which actually is used for coding, both Cases 3 and 5 (listed above) probably influence the result. These two wavelength-separation mechanisms act in a sense as filters. (c) Other forms of transducer. At this time this writer rejects other forms of transducer because no evidence exists which might lead to this conclusion, because the data of Rushton 8 demonstrate the presence of a mechanism acting like a photosensitive pigment in the human central fovea, and because of the similarity of the fine structure of the receptor outer segments in both rods and cones.
The actual number of pigments present will probably be determined by microspectrophotometric techniques such as those which are being conducted currently in the laboratories of Wald, Wolken, MacNichol, Liebman, etc. Waveguide effects may be eliminated from consideration by placing the receptor in a medium which matches the index of refraction of the outer segment.
On the basis of fundus reflectometry 8 ' it has been suggested that certain pigments are present in the central fovea of the human. Let us consider a retina which contains two purely hypothetical sets of receptors, one which transmits only red light in the outer segment, and one which transmits only green light in the outer segment. Both sets of receptors might contain the same photosensitive pigment. By selective adaptation with red light, one may markedly bleach the pigment in the "red" receptors without significantly bleaching the "green" receptors. When retinal sensitivity is then tested, the retina would exhibit sensitivity in the "green" portion of the spectrum. Because this possibility exists, the author feels that while in vivo selective adaptation experiments have provided extremely important information regarding the combined mechanisms, they have not provided a definitive answer as to the number of pigments present. be emphasized that the author is not stating that there is one pigment, rather, he feels that this is still an open question. The same argument may be extended to applicable psychophysical data.
At this point it is important to consider the paper written by Brindley and Rushton.
9 These authors presented the following hypothesis: "If the distinction between one cone and another is due to color-selective mechanisms situated in front 8 2 of the visual pigment, then there will be no distinction between them when light falls upon the retina from behind; hence in this case colors cannot be discriminated."
They find that there are only small apparent hue changes when passing monochromatic light through the sclera, and comparing that light with light incident at the retina under ordinary conditions. Their experiment was conducted in the periphery at about 300 from the fovea. They conclude that one or more color selective mechanisms (including waveguide effects) do not lie in front of the human outer segment. It is unfortunate that more data are not available and that a more sensitive portion of the retina could not be used for this testing.
83 84 It should be emphasized that this study was presented prior to the recent descriptions of waveguide effects.
6 2 , 6 3
The optical wavelength-separation mechanisms (cases 1-5) described above are present in both the inner and outer segments. Waveguide color selection, or wavelength separation is not a unique property of those parts of the retinal receptors lying in front of the photosensitive pigments. It will be remembered that differences between the nontapered rods and the tapered cones are only quantitative. While the inner segment of cones varies markedly across the retina, the outer (pigment-bearing) segment of the cones (Fig. 5) remains remarkably stable in its diameter.
2 4 Waveguide modal patterns observed in receptor outer segments are always compatible with the physical characteristics (diameter, indexes) of the outer segment. The point is that while the inner segment may modify the result, the outer segment represents the limiting element which defines the optical wavelength-separation characteristics. This must follow because of its smaller diameter. Thus, the Brindley-Rushton experiment" does not represent a definitive test of the role of waveguide effects upon vision. Rather, it is a means of getting at the contribution of the inner-segment/ellipsoid.
One is left, therefore, with a large number of possibilities. The number of degrees of freedom allowed by these different waveguide wavelength-separation mechanisms and possible transducer mechanisms allows one to postulate almost anything. It becomes necessary now to limit the alternatives. As suggested above, questions regarding the nature of the transducer will 82 This author has stressed these two words. probably be solved by microspectrophotometry. Let us now consider the optical characteristics.
The fact that modes exist does not necessarily imply that they are utilized in any way by the visual system. Teleological arguments are not sufficient because the modes may be there because of the narrow dimensions of the receptors. The receptors may be of small diameter because of the requirements of the visual system for high resolution.
If the receptors are narrow for resolution purposes, there is no reason to predict the presence of an apparent organization of any of the modal characteristics. If modal properties are utilized by the visual system, there is no need for apparent organization of these properties. A random distribution of these properties would certainly be adequate. However, if there is apparent organization of modal and/or transmissive properties in the rod-free area of an animal with color vision (such as the squirrel monkey, 8 5 ) then it is highly probable that modal and/or transmissive properties play a significant role in color vision. From this line of reasoning, it would be important to determine if (and which) waveguide characteristics are organized. If this proves to be a valid approach, it would enable us to concentrate upon those factors, aspects, or alternatives which would seem to be most significant.
It is important at this point to specify that randomness (of pattern) does not imply a lack of pattern.
Rather, it implies a lack of predictable, or repetitive pattern. That is, if a pattern is to have significance, there must be a suggestion of an autocorrelation function describing its characteristics, in one or (preferably) two directions across the retina. The argument would be strengthened if patterns in different specimens were similar.
This problem is being actively considered at our laboratory. The task is extremely difficult, mainly because it is rare that a large group of receptors are uniformly well oriented in the rod-free area.
8 6 If this is achieved, the short period of time during which data may be gathered limits the investigation. One must be sure that overlying remnants of pigment epithelium do not bias the result. 86 Contrary to the general impression presented in many anatomical textbooks, the limits of the rod-free area are clearly defined. squirrel monkey is shown in Fig. 9 . This picture was taken at X= 620 m, 0=0°, 0-3' on high-speed Ektachrome film. The microscope was focused at or near outer segment terminations. Some modal patterns are resolved, and orientation was excellent. The author's records show that at wavelength 558 mA the darkened areas in this figure were relatively more transmissive.
The pattern would seem to be a series of interlocking or overlapping annuli, polygons, or squares (sometimes varying with wavelength) which are often shared. This finding clearly needs further verification, and other modal properties must be evaluated more carefully from this point of view.
It would be fascinating indeed if retinas of colordeficient individuals could be obtained for study by both this author and the microspectrophotometrists. Much work remains to be done on many aspects of these interesting problems.
CLOSING STATEMENT
The writer has sought to survey the available literature dealing with receptor optics. He has chosen what he feels are the most challenging questions for discussion. It is evident that the optical properties of the retinal receptors are complex, and that they may play a far more important role in vision than had been anticipated earlier. stitial medium (4) is the midpoint of the probable values given by Barer, 56 the index nl is arbitrarily chosen. Kapany 2 ' has shown that when -y'= 900 (i.e., the critical angle of the first internal refraction in This expression is also known as the numerical aperture of the receptor and is an element in the cutoff equation presented above. The angle is the angle of incidence at the retina. Solving this relationship for , one finds 0= 10'2' for the inner segment, and 0= 18'52' for the outer segment (substituting 1n 3 for 2 in the above expression).
Let us for a moment forget that this is a waveguide, and that one has to deal with additional considerations such as frustrated total reflection, and the fact that part of the energy propagated is carried in the media immediately surrounding the receptor. Rather, let us treat the point G as simply the intercept of a ray at a boundary between two media. In this sense, one may introduce the applicable Fresnel equations, 88 and determine that portion of the incident light which is reflected, i.e., carried on down the cell toward the photosensitive pigment bearing outer segment.
R, [-sin(y'-y) These equations describe the ratios of the luminous flux R reflected at point G to the luminous flux F incident at point G. The subscript s describes that portion of the disturbance which is vibrating perpendicular to the plane of incidence, and the subscript p describes that portion which is vibrating parallel to the plane of incidence (this application of the letter p should not be confused with that presented earlier in the discussion). These equations may be readily solved, and expressed in terms of 0. The derived functions for the inner segment are shown in Fig. 11 . The important point to note is the very rapid falloff in reflected energy once the critical angle is exceeded. It is important to remember that there is less than a 2% difference in index between the two media. Assuming that these values are directly applicable, it is interesting that the subtense of an 8-mm entrance pupil is fz 100 at the retina from the optic axis of the human schematic eye. The computed rod inner-segment critical angle based upon our best estimated 5 5 ' 56 index expressed in terms of 0 is 10°2'. Considering the single isolated rod, all energy entrant at angles 0 less than the angle corresponding to the critical angle would appear in the photosensitive pigment-bearing outer segment (less absorption and scatter). The higher-index outer segment could accept energy at angles 0 which were somewhat greater, but this energy would have passed out of the inner segment. A certain amount of energy might enter through the side of the receptor. Thus, while energy incident at small angles 0 is efficiently transferred, energy incident at larger angles 0 has essentially one pass in a given receptor. As the angle of retinal incidence increases, the orientation of the pigment comes into play to limit its absorption further.
27 -2 9 For small angles 0 one would not expect the pigment factor to play a very significant role. To these considerations must be added those discussed by Weale, 6 waveguide effects, light-scattering effects of mitochondria and other elements, possible nonuniform photosensitive-pigment distributions, 7 8 possible local differences in the ability of bleached-pigment molecules to excite the cell, frustrated total reflection (optical interaction), 22 ' 38 possible effects caused by the pigment in the interdigitating fibrils of the pigment epithelium, 4 ' 80 passage of light through more than one cell, etc. In man and monkeys the receptors are separated by the interstitial matrix (or media or substance) to the level of the external limiting membrane.
59 This is not the case in all species, e.g., the rat.
It is impossible to quantitate each of these effects at this time.
